A portion of the economics literature has long debated about the relative importance of historical, institutional, geographical, and health determinants of economic growth. In 2001, Gallup and Sachs quantified the association between malaria and the level and growth of per capita income over the period 1965-1995 in a cross-country regression framework. We took a contemporary look at Gallup and Sachs' seminal work in the context of significant progress in malaria control achieved globally since 2000. Focusing on the period 2000-2017, we used the latest data available on malaria case incidence and other determinants of economic growth, as well as macro-econometric methods that are now the professional norm. In our preferred specification using a fixed-effects model, a 10% decrease in malaria incidence was associated with an increase in income per capita of nearly 0.3% on average and a 0.11 percentage point faster per capita growth per annum. Greater average income gains were expected among higher burden countries and those with lower income. Growth of industries with the same level of labor intensity was found to be significantly slower in countries with higher malaria incidence. To analyze the causal impact of malaria on economic outcomes, we used malaria treatment failure and pyrethroid-only insecticide resistance as exogeneous instruments in two-stage least squares estimations. Despite several methodological challenges, as expected in these types of analyses, our findings confirm the intrinsic link between malaria and economic growth and underscore the importance of malaria control in the agenda for sustainable development.
INTRODUCTION
Investing in health has been considered a means to achieve economic growth and reduce poverty since the second half of the 20th century. Until then, economic thinking was about a one-way relationship between wealth and health in terms of wealth being required to achieve health. [1] [2] [3] [4] [5] [6] This linear wealthto-health link was weakened by several econometric studies providing evidence that health is a significant determinant of growth. 4, 7 In 2001, the WHO Commission on Macroeconomics and Health underscored the importance of health as an instrument for economic development and poverty reduction. 8 Bloom and Canning described the process of cumulative causality where health improvements promote economic growth, which in turn promotes health. Healthier populations are more productive at work and learn more at school, contributing to increased current and future earnings and savings. Associated savings in health-care spending is hypothesized to increase investment in physical and human capital and attract higher foreign investments. Higher income for individuals or countries improves health through different channels, from better nutrition to better public health infrastructure. 9 Furthermore, as per the classical Grossman model of health demand, if individuals expect a longer life, their savings and investment in human capital will be greater. 10 The mutual reinforcement between health and wealth is also recognized to exist in reverse, whereby sick people are more likely to become poor and those who are poor are more vulnerable to disease. 11 Although empirically there is evidence on the strong correlation between health and income both across and within countries over time, the literature has long debated on the magnitude of the effects of other factors that simultaneously influence health outcomes and wealth, notably institutional quality. 6, 9, 12, 13 Specifically, a portion of the empirical growth economics has long debated about the relative importance of potential determinants of economic growth. In 2001, Gallup and Sachs quantified the association between malaria and the level and growth of per capita income over the period 1965-1995. In a cross-country regression framework controlling for historical, geographical, social, economic, and institutional country characteristics, they found that malariaendemic countries displayed, ceteris paribus, per capita income levels 70% lower than those of nonendemic countries and that a 10% reduction in their malaria exposure index was associated with a 0.26 percentage point increase in annual per capita growth rates. 14 By contrast, Acemoglu, Johnson, and Robinson argued that malaria was not the main determinant of economic performance, instead concluding on the central role of institutions in cross-country growth differences. 15 Despite this debate, results from the Gallup and Sachs study are still widely cited to support the case for investing in malaria control and elimination in the context of the Sustainable Development Goals. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Since the publication of these studies, significant progress has been made in the fight against malaria and estimation methods have evolved. Core malaria control interventions have reached unprecedented coverage levels, and this progress contributed to reduce malaria case incidence rate by an estimated 37% globally over the period 2000-2015 and by 18% over the more recent 2010-2017 period. 26 The availability of data and methodologies for estimating malariaburden estimates has also improved. Although some data on malaria incidence were available from the WHO at the time of the Gallup and Sachs study, the authors preferred using a malaria exposure index, defined as the product of the land area subject to malaria and the fraction of malaria cases attributable to Plasmodium falciparum malaria. 14 Since then, malaria case incidence measures have been standardized. 27, 28 New econometric approaches exploiting panel data structures have also become the norm. 29, 30 Herein, we take a contemporary look at the seminal work of Gallup and Sachs. 14 We focus on the period 2000-2017 and draw on the vastly improved and more recent data available on malaria case incidence and other determinants of economic growth as well as the much higher econometric standards that are now the professional norm. Then, we make an attempt at a causal analysis of malaria on economic growth using two instrumental variables (IVs), namely, antimalarial treatment failure and resistance of malaria mosquitos to pyrethroid-only insecticides. We supplement this study with a sectoral analysis testing the hypothesis that industry sectors that are more labor intensive will have slower growth rates in countries that have higher malaria incidence. Evidence suggests that in addition to the implications on the total size of the economy, malaria is associated with reduced labor productivity and supply. [31] [32] [33] [34] [35] [36] [37] To explore this further, we use a common approach in macro-econometric modeling recently applied to the health sector to quantify the argument that malaria case incidence affects economic growth through labor productivity. 38, 39 MATERIAL AND METHODS Methods. For our contemporary take at the seminal work of Gallup and Sachs, our specification of the gross domestic product per capita (GDPpc) purchasing power parity (PPP) regressions in level can be written as follows:
where i indexes countries, t refers to the year, and y it refers to log GDPpc PPP; m it is the log malaria case incidence per 1,000 population, which is transformed using the standard inverse hyperbolic sine transformation IHS(y i ) = log[y i + (y i 2 +1) 1/2 ] to reduce the effect of outliers and account for not being able to take the log of zero; x it is a matrix of covariates relating to the historical, geographical, and socioeconomic characteristics of each country; finally, u it is the error term that can be decomposed into a standard two-way fixed-effects specification posed as follows: 40
where λ i and μ t are country-and year-specific unobservables, respectively, and ε it is the error term that represents idiosyncratic shocks occurring at the country-year level. Our growth analysis is conducted on 5-year averages so as to smooth data on the GDPpc PPP growth rate that often vary widely year-on-year. 41 Our specification can be written as follows:
where i indexes countries and p is the time period; Δy ip refers to the 5-year average annual growth of GDPpc PPP; y ip−1 is the lagged level of GDPpc PPP in log; m ip−1 is the 5-year average log malaria incidence per 1,000 population in the time period p−1; m ip is the 5-year average log change of malaria incidence in the time period p; and x ip−1 is a matrix of covariates relating to institutional and socioeconomic characteristics of each country. Covariates referring to a country's historical and geographical characteristics are time invariant and, therefore, accounted for by the countryspecific fixed effects. The error term decomposition described by equation (1') applies for equation (2) with 5-year time periods.
Equations (1) and (2) are estimated using three methods. The first method uses the Ordinary Least Squares method (OLS) to explore the association between malaria case incidence and GDPpc PPP across countries at specific points in time. 14 The second method transforms the equations into deviations with respect to country-specific means ("within" transformation in a fixed-effects model) to eliminate all factors that do not change over time for each country (λ i ). The third method is the two-stage least squares method (2SLS) to account for potential endogeneity, that is, correlation of the malaria incidence variables with unobserved or omitted terms included in the error term ε it . This third method requires the identification of an IV, a method developed to control for unmeasured confounders in observational studies. 42 We explored the validity of two IV candidates. One is antimalarial drug efficacy measured by the percentage of malaria patients with treatment failure, calculated across study protocols and drug types at the country-year level. 43, 44 Treatment failure is defined as the inability to clear parasites from a patient's blood or to prevent their recrudescence after the administration of an antimalarial, regardless of whether clinical symptoms are resolved. 45 Another candidate is resistance of mosquitos to insecticides measured by the percentage of studies reporting pyrethroid-only resistance status as confirmed, possible, and susceptible, at the country-year level. 44, 46 To be valid, an instrument needs to satisfy three conditions: relevance (it affects malaria incidence), exclusion (its affects GDPpc only indirectly through its effects on malaria case incidence), and independence (of unmeasured confounding). 42, 47 The relevance assumption is verified (1) OLS pooled (2) Within all (3) Within all (4) Within non-SSA (5) Within pre-2014 (6) Log malaria incidence empirically from first-stage regression of the 2SLS method using the F-statistics (see the Results section). As a rule of thumb, an instrument is considered weak if the F-statistics is less than 10. 48 The exclusion and independence assumptions cannot be verified from the data, so we applied subject-matter intuition. It seems reasonable to assume that antimalarial treatment failure and resistance of malaria mosquitos to pyrethroid-only insecticides affect GDPpc only through populations or areas at risk of malaria transmission and, conditional on the covariates, affecting GDPpc solely via malaria incidence. In addition, the use of panel data in a fixed-effects model is assumed to mitigate the risk of the IV being associated with unobserved variables also affecting GDPpc. To exploit both instruments, treatment failure and insecticide resistance, we supplemented the panel IV analysis by a pooled IV approach, where we use only those observations for which data on both candidates are available.
Because of the reduced sample size, we cannot include country-specific effects in the pooled-IV approach. Finally, for both panel IV and pooled-IV methods, we conducted the analysis allowing standard errors to be correlated among countries within a subregion to reflect the relevance of our instruments at a subregional level, instead of their containment within country borders. The analyses are also conducted with country-level clustering of standard errors for comparative purposes. The specification used in our sectoral analysis can be written as follows:
where ) and i indexes countries, t refers to year , j indicates the industry sector, g ijt is the annual growth rate of the value added of industry j, l ijt is the share of the wage bill in the total value added of industry j in country i and year t, m it is the log of malaria case incidence in country i and year t and ρ it , κ ij , and τ jt are the country-year-, country-industry-, and industry-year-specific effects, respectively, which control for the effect of other factors varying at those levels and that may potentially affect growth. We include one way effects for estimations where the full set of two-way effects are not included. The main coefficient of interest in equation (3) is β, which is essentially the cross partial derivative of the dependent variable g ijt with respect to l ijt and then with respect to m it . In other words, β denotes the effect of a marginally higher labor share on valueadded industrial growth for a marginally higher incidence of malaria. Because malaria incidence measures vary only at the country-year level, the inclusion of the full set of fixed effects wipes out the effect of malaria incidence on its own, and we are left with the interaction term and direct effect of the labor share, both of which vary at the more granular industry-country-year level. The point estimate β allows us to make, and quantify, the plausible argument that malaria incidence affects economic growth through labor productivity. This "difference-in-differences" specification has been common in macro-econometric modeling, notably on the effect of financial depth on economic growth (financial depth varies at the country-year level, whereas different industrial sectors display different levels of dependence on external finance). 38 More recently, this type of specification has been applied to the impact of health sector workforce employment on economic growth. 39 Materials. We used data from 180 countries over the period 2000-2017. Although our objective is to keep with the spirit of THE ECONOMIC BURDEN OF MALARIA: REVISITING THE EVIDENCE the Gallup and Sachs study, it is not possible to faithfully replicate it using updated data because a number of explanatory variables are no longer maintained or have been superseded by alternative measures. We used malaria case incidence per 1,000 population at the country-year level, calculated as the ratio of the estimated number of malaria cases and United Nations total population estimates multiplied by 1,000. 27, 49 We used total population data instead of population at risk of malaria estimates to match incidence and GDPpc data. In addition, the global burden of malaria lies mostly in countries that have a total population at risk of malaria equal to their total population estimates. And, in countries that have reached malaria elimination or malariafree status over the period 2000-2017, the use of total population as the denominator allows us to capture the decline in case incidence that would not be fully captured with a decreasing population at risk of malaria over the study period. Data on the level of GDPpc PPP and the annual growth therein are sourced from the World Bank's World Development Indicators (WDI). 50 Data on trade openness, which is proxied by the value of trade expressed in terms of percentage of GDP, and data on life expectancy at birth are also from the WDI. We used Barro-Lee educational attainment data, expressed in terms of the average number of years of schooling in the population older than 15 years. 51 In OLS specifications where covariates include whether a country is landlocked or a former colony, data come from the GeoDist database of the CEPII. 52 Data on the quality of institutions are captured by the Rule of Law estimate from the World Bank's Worldwide Governance Indicators project. 53 When exploring the causal effect of malaria on GDPpc PPP, we used WHO's data on antimalarial treatment failure and insecticide resistance as instruments and restricted the analysis to the period for which data are available. Finally, to explore the possible mechanism through which malaria and sectoral economic performance interact, data on the manufacturing industry's value-added and share of labor costs of the total value added are sourced from the United Nations Industrial Development Organization for 96 countries over the period 2000-2010. 54 These data are available for 23 manufacturing industries at the 2-digit level of the International Standard Industrial Classification of All FIGURE 2. The world distribution of log gross domestic product per capita (GDPpc) purchasing power parity (PPP): actual (gray) and as predicted with a 100% reduction in malaria incidence (black). Simulation based on column 4 of Table 4 . The vertical y-axis displays the proportion of countries. The horizontal x-axis displays log GDPpc PPP in 2017. The gray and black curves are continuous functions used to display the distribution of log GDPpc PPP across countries in 2017. Reading from the left to right: the gray curve shows that at 2017 malaria transmission levels, countries in the lowest 10th percentile of income had a log GDPpc PPP of 7.53 or less, equivalent to GDPpc PPP of 1,863; the black curve shows that without malaria, countries in the lowest 10th percentile of income would have a log GDPpc of 7.66 or less, equivalent to GDPpc PPP of 2,122. This indicates a rightward shift in log GDPpc PPP on the x-axis. Similarly, at 2017 transmission levels, 16.3% of countries had a log GDPpc PPP of 8 or below, equivalent to GDPpc PPP of 2,981 (gray curve). Assuming no malaria transmission in 2017, only 15.3% of countries would have a log GDPpc PPP of 8 or less. The crossing of the black and gray curves on the left side of the graph indicates a shift in the country mass, as low GDPpc PPP countries move to the right because of the economic gains associated with no malaria transmission. Finally, as expected, there is no change in the right side of the distribution as high GDPpc PPP countries have low or no malaria transmission, and thus, a change in transmission will not be associated with any economic gains from malaria elimination, according to our empirical model. Economic Activities Revision 3. Table 1 shows the variables and their source. Tables 2 and 3 summarize the data.
RESULTS

Using an OLS cross-sectional regression in the year 2000
and controlling for historical, institutional, geographic, and socioeconomic covariates, we find that a 10% reduction in malaria case incidence is associated with a 1.8% increase in the level of GDPpc PPP on average (Table 4, column 1) . This is the result of our specification that is closest to the Gallup and Sachs simple cross-sectional model. Pooling observations for the period 2000-2017 does not change the elasticity by much: a 10% decrease in malaria case incidence is associated with an increase in GDPpc PPP of 1.9% on average ( Table 4 , column 2).
After introducing time-invariant country-specific effects and year-specific effects, a 10% reduction in malaria incidence is associated with a 0.27% increase in the level of GDPpc PPP on average (Table 4 , column 4, Figure 1 ). The reduction in the size of the coefficient compared with the OLS method reflects how much of the variation in GDPpc PPP is explained by the fixed effects alone, that is, unobserved time-invariant heterogeneity within each country. These results are not driven by the sub-Saharan Africa (SSA) subsample, indicating that the relationship between malaria and economic growth holds in countries outside SSA as well. Excluding SSA countries where malaria incidence is the highest, a 10% reduction in incidence is associated with an increase in GDPpc PPP of nearly 0.5% on average (Table 4 , column 5). Assuming constant elasticity between income and incidence, malaria eradication (defined as a 100% decrease in case incidence worldwide) would be associated with a rightward shift in the world probability distribution of income, disproportionally benefiting the lowest income countries (Figure 2) . Similarly, using a discrete classification of countries according to income and malaria endemicity, greater average income gains would be achieved among poorer and higher endemic countries (Figures 3 and 4) . These results are averages over the study period and may be different over different intervals of time (Table 4 , column 6).
In terms of growth, our analysis on 5-year averages shows a negative and statistically significant effect of the lagged incidence of malaria on the subsequent growth rate of GDPpc PPP, with a 10% reduction in malaria incidence in period p−1 being associated with a GDPpc PPP growth of 0.1 percentage point higher in period p ( Table 5 , column 2). Restricting our sample to non-SSA countries yields similar results ( Table 5 , column 3). In contrast to the Gallup and Sachs study, we do not find evidence of an effect statistically distinguishable from zero of the log change in malaria incidence on economic growth in period p.
Next, we attempt to establish a causal relationship between malaria incidence and GDPpc PPP using insecticide resistance and antimalarial treatment failure as instruments. We find that confirmed mosquitos' resistance status is significantly and positively associated with malaria case incidence ( Table 6 , Panel B). This result holds with and without the inclusion of year fixed effects and institutional-and traderelated covariates. Possible mosquitos' resistance status is also positively correlated with malaria incidence but is significant only when the aforementioned covariates are included. The estimated second-stage coefficient of log malaria incidence on GDPpc PPP are negative, significant, and relatively stable ( Table 6 , Panel A, columns 1 and 2). Turning to our second IV candidate, antimalarial treatment failure, the first-stage coefficient is significant and negative, which is consistent with the observed higher levels of antimalarial treatment failure in lower malaria transmission areas. 55 In high-transmission areas, such as SSA, an emerging drugresistant parasite faces greater competition from drugsensitive parasites that already occupy most of the host population, making them more prone to extinction. This is one explanation for the faster evolution of higher drug resistance in lower transmission settings. 55 Again, the second-stage coefficients of log malaria incidence on GDPpc PPP are negative and significant (Table 6 , Panel A, columns 3 and 4). The pooled-IV approach allows us to test for instrument coherence or exogeneity under the assumption that at least one instrument is valid. The Hansen J-statistic does not reject the null that insecticide and antimalarial drug resistance are valid instruments (Table 6 , columns 1, 2, and 5). A note on instrument strength is, however, warranted despite the first-stage statistical significance of the instruments and F-statistics above the "rule of thumb" value of 10. 48 Although all of our 2SLS estimations are robust to clustered standard errors at the subregional level (Table 6) , they are not robust to the country-level clustering of standard errors (Table 7) .
Finally, we present estimates of one potential channel through which malaria may affect economic outcomes-labor productivity. In Table 8 , the coefficient on the interaction term of the labor share and malaria incidence is essentially a TABLE 5 Within regressions of annual GDPpc PPP growth rates on log malaria incidence and annual change in malaria incidence using 5-year averages All (1)
All ( Note:* P < 0.10, ** P < 0.05, *** P < 0.01. All estimations used standard errors clustered at the country level and 95% CIs are given in brackets below coefficients. The dependent variable is the 5-year average of instantaneous annual growth rate (gy) of GDPpc PPP:gy = 1/t[ln(Yt)−ln(Yt−1)].
TABLE 7
Two-stage least squares regression of log GDPpc PPP on log malaria incidence-country-level clustering of standard errors Pooled IV (5) Log malaria incidence Panel IV (2) Panel IV (3) Panel IV (4) Pooled IV (5) Log malaria incidence second derivative: the effect of a marginally higher labor share with a 10% increase in malaria incidence is negative and statistically significant with a magnitude of −1.1 (column 4). These estimations are relatively stable across specifications and control for a host of other confounding factors that may affect industry growth rates at the industry-year, country-year, and industry-country levels. Malaria elimination could increase, ceteris paribus, the effect of labor share on industry growth rates by 11 percentage points.
DISCUSSION
This study took a contemporary look at the seminal work by Gallup and Sachs published in 2001, which still shapes the global advocacy agenda with regard to malaria and its association with economic development. We found that in OLS specifications similar to the Gallup and Sachs study, a 10% reduction in malaria incidence is associated with GDPpc PPP levels 1.8-1.9% higher over the period 2000-2017. In our preferred specification, which controls for country-specific effects, such as institutions, socioeconomic, and geographical characteristics, as well as year effects, reducing malaria incidence by 10% was associated with an increase in GDPpc PPP of nearly 0.3% on average over the study period. In terms of growth, we found that a 1% reduction in malaria incidence in the previous period is associated with a 0.01 percentage point faster growth in GDPpc PPP in the current period. Reduction in incidence would disproportionately benefit countries with the highest malaria burden and lowest income levels. Unlike Gallup and Sachs, we did not find evidence of a significant relationship between change in malaria incidence and income growth rates using consecutive 5-year periods. 14 Overall, although our numbers are substantial, they are much smaller than those reported in the original work. 14 This is probably inevitable in that the marginal benefits to malaria control have been reduced by concerted international action over the past 17 years. 27 These efforts have already led to substantial dividends as a consequence of reductions in malaria incidence since 2000. Most likely, the differences in results reflect differences in the methods and data that were used. A significant slightly smaller negative relationship between malaria incidence and per capita income growth for the period 1983-1997 was also reported elsewhere. 56 Our attempt to establish a causal relationship between malaria incidence and income using 2SLS has several caveats that need to be discussed. First, the analyses are performed on a subsample of countries and years for which antimalarial treatment failure and insecticide resistance data are available. Although the studies from which the data are collected span several years and multiple studies were available each year, the data had to be collapsed to match with corresponding GDPpc PPP and covariates data at the country-year level. Second, clustering of standard errors is usually recommended at the level of exposure, which, in our case, is antimalarial treatment failure and resistance of mosquitoes to insecticides. Our strongest results come from analyses where the standard errors are clustered at the subregional level. This approach lies on the assumption that insecticide resistance and antimalarial treatment failure may emerge because of factors that are consistent more within subregions than arbitrary country borders, such as environmental and biological factors. Under this assumption, our instruments seem to be valid under both panel IV and pooled-IV methods. Our panel and pooled-IV estimations are, however, not robust to clustering at the country level, which may be due to insufficient observations for each country or insufficient variation within the data. Third, the estimates from an IV approach may, of course, not converge to the true parameter value but instead give a local impact driven by variations in the specific IV, also known as the LATE. 57, 58 Fourth, the use of resistance of mosquitoes to pyrethroid-only-based insecticides as instrument may overlook the relationship between insecticide resistance, agricultural practices, and economic outcomes, thus challenging the exclusion restriction. 59, 60, 61 Finally, our examination of one potential mechanism, labor productivity, shows that ceteris paribus, industries with the same level of labor intensity, given by the share of wages in total value added, tend to grow slower in countries with higher malaria. Our findings are comparable with recent estimates from other empirical studies which use micro-level data to examine the link between malaria and development outcomes, relying on some exogenous variation to attribute causality. A study by Bleakley published in 2010 identifies the effect of childhood exposure to malaria elimination efforts on subsequent adult labor productivity by comparing cohorts based on birth years before and after elimination efforts as well as across regions with high and low malaria prevalence. 34 Compared with non-malaria-endemic areas, cohorts of children born after elimination efforts had higher income as adults than the preceding generation. 34 Persistent childhood infection of malaria was found to reduce adult income by 50% TABLE 8 Within regressions of log value added at the 2-digit industry level on log malaria incidence interacted with industry labor share (1) ( Note:pP < 0.10,ppP < 0.05,pppP < 0.01. Labor share is defined as the share of wages in the total value added. Column (1) includes individual year effects and all estimations include country-industry fixed effects. Standard errors are clustered at the country-industry level; 95% CIs are given in brackets next to coefficients. THE ECONOMIC BURDEN OF MALARIA: REVISITING THE EVIDENCE with similar estimates obtained in separate analyses for the United States, Mexico, Brazil, and Colombia. 34 A similar identification strategy applied to India finds that a 10% point decrease in malaria incidence raises per capita expenditure by 1.5-6.8%. 32 In Uganda, findings suggest that malaria elimination would lead to 5-20% increase in income annually via improvements in educational attainment. 33 The more recent empirical literature on health and economic development has shown that the link between the two is relatively tenuous. 3, 9, 12 This is in part due to life expectancy at birth, the most commonly used measure of health outcomes, being jointly determined with income and growth. Moreover, it is often the case that the disease burden, particularly in tropical areas, impacts economic outcomes via other channels such as the acquisition of human or physical capital, greater fertility, etc. Our malariarelated case study contributes to this literature on the intrinsic link between health and economic growth and underscores the continued relevance and important role of malaria control in the current agenda for sustainable development.
